
NASA Technical Memorandum 89 160 

(6ASA-TM-8E16C) E E T R I I V a L  CF C E E E R  H8 7-24858 A 3 IlG S E l i  E 6 E P R IS S 0 fr E- I E U E EE A 1 G E E € L C P1:LES 
P6CU BIG3 R E S C L L ' I I C Y  SCLAB C C C D L I A T I O N  

SFEC'fRA (NASA) 14 p Avail: b l I S  EC U D C l d S  
$U3/8€ A01 CSCL 048 63/46 0 0 8 2 7 ~ 9  

RETRIEVAL OF UPPER ATMOSPHERE PRESSURE-TEMPERATURE PROFILES 

FROM HIGH RESOLUTION SOLAR OCCULTATION SPECTRA 

C. P. Rinsland, J. M. Russell 111, J. H. Park, 
and J. Namkung 

MAY 1987 

National Aeronautics and 
Space Administration 

langley ResearchCentm 
Hampton, Virginia 23665 



Summarv 

The technique of nonlinear least squares spectral curve fitting has been 

used to retrieve pressure-temperature profiles over the 18- to 75-km altitude 

range from O.Ol-cm-' resolution infrared solar absorption spectra recorded by 

the ATMOS (Atmospheric Trace Molecule Spectroscopy) Fourier transform spec- 

trometer during the Spacelab 3 shuttle mission in April-May 1985. Preliminary 

results obtained for four occultation events at 25.6O-30.5'N. and one occulta- 

tion event at 49.0's. are compared to correlative measurements. 
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I. In t roduc t ion  

Accurate q u a n t i t a t i v e  i n t e r p r e t a t i o n  of i n f r a r e d  s p e c t r a  recorded w i t h  a 

limb-viewing instrument r e q u i r e s  knowledge of t h e  v e r t i c a l  p re s su re -  

tempera ture  p r o f i l e .  This  in format ion  i s  o f t e n  determined from s e p a r a t e  

rocketsonde o r  radiosonde measurements o r  is adopted from c l i m a t o l o g i c a l  d a t a .  

Because i n  some cases t h i s  in format ion  may be incomplete o r  i n a c c u r a t e ,  par- 

t i c u l a r l y  for a s a t e l l i t e  experiment w i th  g l o b a l  coverage, methods a r e  needed 

t o  i n f e r  accu ra t e  pressure- tempera ture  p r o f i l e s  d i r e c t l y  from t h e  measured 

spectra. This approach a l s o  has t h e  advantage of avoid ing  s y s t e m a t i c  e r r o r s  

which might r e s u l t  from u n c e r t a i n t i e s  i n  t h e  geometric parameters ( ins t rument  

a l t i t u d e ,  po in t ing  ang le ,  e t c . ) .  Toth [1977]  used measurements of i n t e g r a t e d  

a b s o r p t i o n  by high-J l i n e s  i n  t h e  R branch of t h e  4.3-m V3 C O2 

t o  r e t r i e v e  a s t r a t o s p h e r i c  tempera ture  p r o f i l e  from high  r e s o l u t i o n  s p e c t r a  

recorded by a balloon-borne i n t e r f e r o m e t e r .  Park e t  a l .  [19801 and Park 

[19821 analyzed t h e  same s e t  of nea r - in f r a red  s p e c t r a  t o  o b t a i n  both pressure 

and temperature from i n t e g r a t e d  a b s o r p t i o n  measurements of C02 l i n e s  having 

d i f f e r e n t  lower s t a t e  ene rg ie s .  Rinsland e t  a l .  [1983a] used t h e  technique  of 

non l inea r  least squa res  s p e c t r a l  curve f i t t i n g  t o  d e r i v e  a s t r a t o s p h e r i c  tem- 

p e r a t u r e  p r o f i l e  from measurements of t h e  10.4-ua band of C02 i n  a d i f f e r e n t  

ser ies  of balloon-borne s o l a r  s p e c t r a .  Techniques f o r  r e t r i e v i n g  p res su re  and 

temperature from high r e s o l u t i o n  s p e c t r a  need t o  be r e f i n e d ,  v a l i d a t e d ,  and 

a p p l i e d  i n  a d d i t i o n a l  reg ions  of t h e  i n f r a r e d .  It is p a r t i c u l a r l y  important 

t o  be a b l e  t o  r e t r i e v e  p r e s s u r e  and tempera ture  from s p e c t r a  which a l s o  con- 

t a i n  atmospheric molecules of importance i n  unders tanding  upper atmosphere 

chemistry and dynamics. 

12 16 band of 
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The f l i g h t  of t h e  ATMOS (Atmospheric - - Trace - Molecule Spec t roscopy)  F o u r i e r  

t r ans fo rm spec t rometer  aboard t h e  Spacelab 3 s h u t t l e  mission from A p r i l  30 t o  

May 6 ,  1985 [Farmer and Raper ,  19861 has  provided such an  oppor tuni ty .  P r i o r  

t o  launch,  f o u r  r e sea rch  groups (JPL, Ohio S t a t e  Un ive r s i ty ,  Oxford Univer- 

s i t y ,  and NASA Langley) were g iven  t h e  assignment of developing pressure-  

tempera ture  r e t r i e v a l  a lgor i thms which could be used f o r  o p e r a t i o n a l  pro- 

cessing of ATMOS data .  The r e s u l t s  ob ta ined  f o r  Spacelab 3 by t h e  va r ious  

groups were t o  be compared wi th  each o t h e r  and wi th  c o r r e l a t i v e  pressure-  

tempera ture  d a t a  t o  v a l i d a t e  procedures,  provide pressure- temperature  p r o f i l e s  

f o r  the minor and t r a c e  gas p r o f i l e  a n a l y s e s ,  and a i d  i n  s e l e c t i n g  t h e  b e s t  

approach f o r  r e t r i e v i n g  p res su re  and tempera ture  from spectra recorded du r ing  

f u t u r e  ATMOS missions.  I n  t h i s  r epor t ,  we d e s c r i b e  t h e  pressure- temperature  

r e t r i e v a l  a lgo r i thm developed by the NASA Langley group. It was developed on 

t h e  Langley CDC computer s y s t e m  and has  been t r a n s f e r r e d  t o  t h e  JPL ATMOS 

Prime computer f o r  on-l ine,  r a p i d  processing of ATMOS spec t r a .  We p resen t  f o r  

f i v e  Spacelab 3 o c c u l t a t i o n s  a comparison between pressure- temperature  pro- 

f i l e s  r e t r i e v e d  wi th  our  a lgo r i thm and c o r r e l a t i v e  pressure- temperature  

p r o f i l e s  deduced from g loba l  s a t e l l i t e  and radiosonde measurements by t h e  

Na t iona l  Meteorological  Center  (R. Nagatani,  p r i v a t e  communication, 1985). 

The nethods and r e t r i e v e d  pressure-temperature p r o f i l e s  of t h e  fou r  r e sea rch  

groups are d i scussed  and compared i n  a j o u r n a l  manuscr ipt  i n  p repa ra t ion .  

The au thor s  acknowledge numerous u s e f u l  d i s c u s s i o n s  wi th  a number of 

ATMOS s c i e n c e  team members and c o l l a b o r a t o r s ,  espec ia l ly  C. D. Rogers, A. 

Muggeridge, J. H. Shaw, Bo-Cai Gao, L. Lowes and C. B. Farmer. Research a t  ST 

Systems Corporat ion was supported by t h e  Nat iona l  Aeronaut ics  and Space 

Adminis t ra t ion .  
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11. ATMOS Experiment Desc r ip t ion  

The essential elements of t h e  ATMOS ins t rument  a r e  t h e  Sun t r a c k e r ,  

t e l e s c o p e ,  and a double-pass Michelson i n t e r f e r o m e t e r .  The i n t e r f e r o m e t e r  

uses  a moving "ca t s  eye" arrangement t o  scan  t h e  maximum pa th  d i f f e r e n c e  of 

47.4 cm and r e tu rn  i n  about 2.2 seconds,  y i e l d i n g  an  unapodized r e s o l u t i o n  of 

0.01 cm-'. 

4700 cm-', a survey f i l t e r  (600-4700 cm-'), and a "notch" f i l t e r  (600-750 cm" 

and 2000-2500 cm-'1 are mounted on a f i l t e r  wheel which can be pos i t i oned  

a u t o m a t i c a l l y  on success ive  o c c u l t a t i o n  even t s  as des igna ted  by t h e  ATMOS 

s c i e n c e  team. The i n f r a r e d  r a d i a t i o n  is d e t e c t e d  wi th  a HgCdTe element cooled 

t o  77'K us ing  l i q u i d  n i t rogen .  The combination of o r b i t a l  i n c l i n a t i o n ,  space- 

c r a f t  v e l o c i t y ,  and ins t rument  s can  t i m e  p rovides  double-sided in t e r f e rog rams  

sepa ra t ed  by about 4 km I n  tangent  he igh t .  I n  t h e  lower s t r a t o s p h e r e  t h e  

s e p a r a t i o n  i n  tangent  he igh t  is reduced by atmospheric r e f r a c t i o n  and d r i f t  of 

t h e  sun t r acke r  f i e l d  of view on the  s o l a r  d i sk .  The ins t rument  opera ted  f o r  

almost 2 days,  p rovid ing  about 1500 double-sided in t e r f e rog rams  t o t a l i n g  

about 9 Gigabytes of da t a .  About 1000 of t h e s e  scans  were recorded under 

"high Sun" condi t ions ;  t h e  remaining 500 scans  were recorded under "low Sun" 

condi t ions ,and  t h e s e  show a weal th  of atmospheric a b s o r p t i o n  f e a t u r e s  a t  

t angent  he igh t s  between about 10 and 150 km. 

Four over lapping  broadband f i l t e r s  cover ing  a l t o g e t h e r  600 t o  

A t o t a l  of 12 sunse t  o c c u l t a t i o n s  were ob ta ined  over  t h e  l a t i t u d e  range 

25.6'N. t o  32.7'N., and 7 s u n r i s e  o c c u l t a t i o n s  were obta ined  between 46.7's. 

and 49.0's. The p resen t  a n a l y s i s  has u t i l i z e d  t h e  f i v e  o c c u l t a t i o n s ,  f o u r  

s u n s e t s  and one s u n r i s e ,  recorded wi th  f i l t e r  1 3  (1580-3400 cm-'1. 

o b s e r v a t i o n  da te ,  s p a c e c r a f t  a l t i t u d e ,  and t h e  geographica l  l o c a t i o n  of t h e  

The 
4 
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tangent point are listed for these occultations in Table I (SS'sunset, 

SR=sunrise). 

corresponds to an altitude range of 2 km at the tangent point. 

All were obtained with a field of view of 1 milliradian, which 

Each ATMOS spectrum is generated from the inverse Fourier transform of 

two-sided interferograms and subsequently ratioed at each wavelength to a 

"high Sun" spectrum to remove solar absorption and emission features. 

analyzed the primary point data (no interpolation), apodized using the strong 

apodizing function of Norton and Beer [19761. The signal-to-rms noise of the 

spectra in the regions ultilized for analysis is typically 150. Below about 

25 km, the signal-to-rms noise in the temperature sensing region near 

2390 cm-' is reduced by continuous absorption by far wings of strong C02 lines 

and by pressure-induced absorption from the fundamental band of molecular 

nitrogen [Rinsland et al., 19811. 

We have 

111. Algorithm and Analysis 

As in several previous published studies [Toth, 1977; Park et al., 1980; 

Park, 1982; Rinsland et al., 1983a1, we have chosen to determine atmospheric 

pressure and temperature from measurements of absorption lines of carbon 

dioxide. 

altitudes (adopted values are listed in Table TI); the analysis of the spectra 

proceeds downward to successively lower tangent heights using the "onion- 

peeling" approach [Russell and Drayson, 1972; Goldman and Saunders, 19791. 

Temperature-insensitive lines (lower state energies, E" = 150-500 cm") in 

each spectrum are analyzed to infer the tangent point pressure P with an 

uncertainty 

are analyzed to infer the tangent point temperture T with an uncertainty 

The volume mixing ratio (VMR) has been assumed to he known at all 

u * temperature-sensitive lines (E" > 1200 cm-') in each spectrum 
P' 
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u The measured tangent  po in t  p r e s s u r e s  and tempera tures  are a d j u s t e d  based 

on t h e i r  u n c e r t a i n t i e s  u s ing  a leas t  squa res  procedure ,  as d i scussed  below, t o  

produce a f i n a l  r e t r i e v e d  pressure- temperature  p r o f i l e  i n  h y d r o s t a t i c  

equ i l ib r ium.  

T’ 

The a n a l y s i s  begins  wi th  ray- t rac ing  c a l c u l a t i o n s  performed w i t h  t h e  

FSCATM program from FASCODlC [Ga l l e ry  e t  a l . ,  19831 assuming the  geometr ic  

parameters  ( s p a c e c r a f t  a l t i t u d e ,  measurement l a t i t u d e ,  and r e f r a c t e d  t angen t  

h e i g h t s )  from the  Spacelab 3 ephemeris. The 1976 U.S .  Standard Atmosphere was 

adopted as the i n i t i a l  pressure- temperature  p r o f i l e ,  and w i t h  these  va lues ,  

mass pa ths  ( i n  u n i t s  of p re s su re  times p a t h  l e n g t h )  and densi ty-weighted 

e f f e c t i v e  p re s su res  and temperatures  were c a l c u l a t e d  f o r  each  l a y e r  (-1 km 

t h i c k )  and f o r  each r a y  path.  

P r e s s u r e  and temperature  have been determined from each  spectrum us ing  

the  technique  of non l inea r  l ea s t  squares  s p e c t r a l  curve f i t t i n g .  This  method 

has  proven p a r t i c u l a r l y  s u i t a b l e  f o r  s p e c t r a l  a n a l y s i s  because of i t s  complete 

use of t h e  s p e c t r a l  d a t a ,  i t s  accuracy i n  e s t a b l i s h i n g  t h e  background l e v e l  

and instrument  l i n e  shape ,  and i t s  use fu lness  i n  reg ions  of over lapping  spec- 

t r a l  l i n e s .  It a l s o  permi ts  t h e  frequency s h i f t  of t h e  d a t a  and ins t rument  

d i s t o r t i o n  e f f e c t s  such as channel ing and b a s e l i n e  (0  percent  t r ansmiss ion )  

s h i f t s  t o  be r e t r i e v e d  i n  t h e  a n a l y s i s  [ c f .  N ip le ,  1980; Hoke and Shaw, 1982; 

Park ,  19831. The a lgo r i thm used i n  t h e  p re sen t  a n a l y s i s  is  a modified ve r s ion  

of t h e  one used p rev ious ly  t o  r e t r i e v e  minor and trace gas volume mixlng r a t i o  

p r o f i l e s  [ c f .  Rinsland e t  a l . ,  19821 and a s t r a t o s p h e r i c  tempera ture  p r o f i l e  

[Rinsland e t  a l . ,  1983al. 

I n  add i t ion  t o  s o l v i n g  f o r  t h e  tangent  po in t  p r e s s u r e  or t empera ture ,  a 

number of ins t rumenta l  parameters can be a d j u s t e d  i n  f i t t i n g  each microwindow. 

To match t h e  backgrounds of t he  measured and c a l c u l a t e d  s p e c t r a ,  up t o  t h r e e  
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a d j u s t a b l e  parameters can be included i n  t h e  a n a l y s i s .  These parameters  model 

t h e  l e v e l ,  t h e  s l o p e ,  and the curva ture  of t h e  background us ing  t h e  polynomial 

expres s ion :  

where I ( V )  is  t h e  c a l c u l a t e d  i n t e n s i t y  a t  wavenumber U; A,, A1, and A2 are t h e  

a d j u s t a b l e  c o e f f i c i e n t s  f o r  f i t t i n g  t h e  background; u0 is  a r e f e r e n c e  wave- 

number; and T ( V )  is t h e  c a l c u l a t e d  t r ansmi t t ance  a t  wavenumber U. A s i n g l e  

a d j u s t a b l e  parameter is inc luded  t o  account f o r  a wavelength s h i f t  between t h e  

measured and c a l c u l a t e d  s p e c t r a .  If channel s p e c t r a  a r e  observed i n  t h e  d a t a ,  

parameters are inc luded  t o  model the ampl i tude ,  pe r iod ,  and phase of each 

component us ing  the  expres s ions  of N?p?e e t  a l .  [l?t%l. The iiistrumetit l i n e  

shape is modeled t o  account f o r  both i n t e n s i t y  and phase e r r o r s  [ c f .  

Gue lachv i l i ,  1981; Park, 19831, inc luding  t h e  e f f e c t s  of i n t e r f e rog ram 

smearing [Park ,  19821. Up t o  10 parameters can be inc luded  t o  model d i s t o r -  

t i o n s  i n  t h e  symmetric p a r t  of t h e  l i n e  shape f u n c t i o n  us ing  t h e  e f f e c t i v e  

a p o d i z a t i o n  approach [Park ,  1983; Park, 19841. This  method has been modified 

so t h a t  a l l  c o e f f i c i e n t s  are ad jus ted  s imul taneous ly  a f t e r  each i t e r a t i o n .  

Asymmetric l i n e  shape d i s t o r t i o n s  are modeled wi th  a s i n g l e  parameter assuming 

a s imple  phase e r r o r  [ c f .  Niple et a l . ,  1980; G u e l a c h v i l i ,  19811. The e fEec t  

of f i n i t e  f i e l d  of view [ c f .  Guelachvi l i ,  19811 is  inc luded  i n  t h e  c a l c u l a t i o n  

of t h e  l i n e  shape. 

T y p i c a l l y ,  t h e  values of only four of t h e  parameters d i scussed  above need 

t o  be a d j u s t e d  t o  € i t  t h e  ATMOS s p e c t r a  t o  t h e  no i se  l e v e l  of t h e  d a t a .  These 

f o u r  f i t t e d  parameters are t h e  tangent po in t  pressure o r  tempera ture ,  t h e  

background l e v e l  (Ao of Eq. 1 wi th  A2 and A3 cons t r a ined  t o  z e r o ) ,  t h e  wave- 

l e n g t h  s h i f t  between measured and ca l cu la t ed  s p e c t r a ,  and a " s t r a i g h t - l i n e "  
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e f f e c t i v e  apodiza t ion  parameter [Park ,  19831. Phase e r r o r s  and channel 

s p e c t r a  are found t o  be n e g l i g i b l e  i n  a l l  bu t  a few cases. As mentioned pre- 

v i o u s l y ,  a t  tangent h e i g h t s  below -25 km, continuous a b s o r p t i o n  r e s u l t i n g  from 

t h e  pressure-induced fundamental v i b r a t i o n - r o t a t i o n  band of N2 and t h e  far  

wings of i n t ense  v3 band l i n e s  of C02 a f f e c t s  t h e  shape of t h e  background nea r  

2390 cm-l [Rinsland e t  a l . ,  19811 where t h e  l i n e s  used f o r  tempera ture  s e n s i n g  

are l o c a t e d ;  t h i s  a b s o r p t i o n  is not s imula ted  i n  our  c a l c u l a t i o n ,  and the re -  

f o r e ,  f o r  these a l t i t u d e s ,  i t  is necessary  t o  inc lude  t h e  background c o e f f i -  

c i e n t s  A1 and A2 as a d j u s t a b l e  parameters  t o  match t h e  background of t h e  mea- 

su red  and ca l cu la t ed  s p e c t r a .  

It  is important t o  note  t h a t  s e v e r a l  assumptions have been made i n  t h e  

a n a l y s i s .  

f e r e n t  t han  those assumed i n  t h e  a n a l y s i s  (Table 11).  

u n c e r t a i n t y  i n  t h e  C 0 2  VMR above 80 km where p h o t o l y s i s  i s  expec ted  t o  produce 

The a c t u a l  C02 volume mixing r a t i o s  i n  t h e  atmosphere may be d i f -  

There is  i n c r e a s i n g  

a r ap id  decrease  i n  C02 volume mixing r a t i o  wi th  i n c r e a s i n g  he igh t .  

t h e  e f f e c t  of t h i s  u n c e r t a i n t y  on t h e  r e s u l t s ,  p ressure- tempera ture  va lues  

have been r e t r i e v e d  only below 75 km. We assume t h a t  t h e  atmosphere €s  i n  

l o c a l  thermodynamic e q u i l i b r i u m  (LTE) and i n  h y d r o s t a t i c  equ i l€b r ium a t  a l l  

a l t i t u d e s .  The LTE assumption should be a good approximation f o r  a l t i t u d e s  

below about 65 km; a t  h ighe r  a l t i t u d e s ,  v i b r a t i o n a l  tempera tures  may be 

s i g n i f € c a n t l y  lower than  t h e  k i n e t i c  and r o t a t i o n a l  tempera ture  [ c f .  B u l l i t t  

e t  a l . ,  19851. 

a l t i t u d e s ,  we have used only t r a n s i t i o n s  from the  ground v i b r a t i o n a l  s t a t e ,  

t h e  popula t ion  of which is  r e l a t i v e l y  i n s e n s € t i v e  t o  tempera ture .  The l i n e  

shape is  assumed t o  be g iven  by the  Voigt p r o f i l e  which results from combined 

Lorentz c o l l i s i o n a l  and Doppler broadening. The e f f e c t s  of pressure-induced 

l i n e  s h i f t s ,  sub- o r  super-Lorentz far-wing l i n e  shapes ,  c o l l i s i o n a l  o r  Dicke 

To l i m i t  

To minimize e r r o r s  a r i s i n g  from non-LTE e f f e c t s  a t  h igh  
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narrowing, and r a d i a l  v e l o c i t y  s h i f t s  from a tmospher ic  winds are not inc luded  

i n  computing t h e  a b s o r p t i o n  c o e f f i c i e n t s .  

g iven  by t h e  in s t rumen ta l  z e r o  leve l .  

up t o  s e v e r a l  pe rcen t  i n  t h e  ATMOS s p e c t r a ,  bu t  u n f o r t u n a t e l y ,  t h i s  s h i f t  i s  

found t o  be wavelength dependent so t h a t  i t  i s  p o s s i b l e  t o  apply r e l i a b l e  

b a s e l i n e  o f f s e t s  t o  t h e  d a t a  only when t h e r e  are s a t u r a t e d  l i n e s  very c l o s e  t o  

t h e  a n a l y s i s  region. Because of the l i m i t e d  v e r t i c a l  r e s o l u t i o n  of t h e  mea- 

surements (=4 km), i t  is necessary to  adopt a model f o r  t h e  v a r i a t i o n  of t h e  

tempera ture  wi th  he igh t  over t h e  range of a l t i t u d e s  def ined  by t h e  tangent  

p o i n t s  of success ive  scans .  I n  t h i s  work, w e  have assumed t h a t  t h e  change i n  

tempera ture  is l i n e a r  w i th  a l t i t u d e  over  t h i s  region. A cons t an t  temperature 

has been assumed above t h e  tangent  he ight  of t h e  h i g h e s t  a l t i t u d e  spectrum. 

The spac ing  i n  tangent  he igh t  of success ive  s p e c t r a  is assumed t o  be c o r r e c t l y  

r ep resen ted  i n  t h e  ATMOS Spacelab 3 ephemeris,  i n c l u d i n g  t h e  e f f e c t s  of atmo- 

s p h e r i c  r e f r a c t i o n  on t h e  ray paths and t h e  d r i f t  of t h e  Sun t r a c k e r ,  which is 

caused by d i f f e r e n t i a l  r e f r a c t i o n  and d i f f e r e n t i a l  a t t e n u a t i o n  a c r o s s  t h e  

s o l a r  d i s k  du r ing  s u n r i s e  and sunset.  

is a n  important one i n  apply ing  the c o n s t r a i n t  of h y d r o s t a t i c  equ i l ib r ium t o  

t h e  pressure- tempera ture  p r o f i l e .  F o r t u n a t e l y ,  t h e r e  has been cons ide rab le  

work by members of t h e  ATMOS science team ( i n c l u d i n g  t h e  a u t h o r s )  t o  empiri-  

c a l l y  a d j u s t  t h e  spac ings  by f i t t i n g  CO2 and N2 l i n e s  i n  t h e  s p e c t r a .  

P r e l i m i n a r y  pressure-temperature p r o f i l e s  r e t r i e v e d  by t h e  fou r  a n a l y s i s  

groups were used i n  t h e s e  s t u d i e s .  The pressure- tempera ture  p r o f i l e s  r e p o r t e d  

he re  are c o n s i s t e n t  wi th  these  empir ica l  spac ings .  A l l  of t h e  assumptions 

noted above a r e  under i n v e s t i g a t i o n  and w i l l  be modified as a d d i t i o n a l  r e f i n e -  

ments a r e  inc luded  i n  t h e  a n a l y s i s .  For example, p re l imina ry  r e t r i e v a l s  u s ing  

t empera tu re - insens i t i ve  u3 band l i n e s  i n d i c a t e  t h a t  t h e  volume mixing r a t i o  of 

The b a s e l i n e  has been assumed t o  be 

S a t u r a t e d  l i n e s  show b a s e l i n e  s h i f t s  of 

The assumption of t h e  a l t i t u d e  spac ing  
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C02 begins  t o  decrease near  86 km, a lower a l t i t u d e  than  adopted i n  t h e  analy- 

sis, and t h a t  the  f a l l o f f  of t he  C02 VMR wi th  i n c r e a s i n g  he ight  is much more 

r a p i d  than  assumed i n  t h e  r e fe rence  p r o f i l e  (Table 11). 

Table 111 is a l i s t i n g  of t h e  microwindows s e l e c t e d  f o r  s ens ing  both 

tempera ture  and pressure .  The tempera ture-sens i t ive  l i n e s  a r e  a l l  R-branch 

t r a n s i t i o n s  of t h e  i n t e n s e  V band of l 2 C l 6 O 2 .  

t h e s e  l i n e s  i n  t h e  a n a l y s i s  are those  from t h e  September 1986 ATMOS l i n e  l i s t .  

Because of the l a r g e  change i n  p re s su re  over  t h e  range of a l t i t u d e s  cons idered  

(-18-75 km), the p re s su re  sens ing  l i n e s  s e l e c t e d  f o r  a n a l y s i s  have i n t e n s i t i e s  

which vary by over fou r  o r d e r s  of magnitude. The p o s i t i o n s ,  i n t e n s i t i e s ,  and 

lower s t a t e  energ ies  of t hese  l i n e s  have been taken  from analyses  of labora-  

t o r y  spectra of C02 recorded a t  0.01 cm-' r e s o l u t i o n  by i n v e s t i g a t o r s  a t  NASA 

Langley and William and Mary [Rinsland and Benner, 1984; Rinsland e t  a l . ,  

1980, 1983b, 1984, 1985, 1986, Malathy Devi e t  a l . ,  1984; Benner and Rinsland,  

19851. These parameters a l s o  appear i n  the  September 1986 ATMOS l i n e  l i s t .  

The air-broadened ha l fwid ths  f o r  a l l  C02 l i n e s  a r e  taken  from the  ATMOS c o r  

p i l a t i o n ;  a T-0*75 temperature  dependence has been assumed f o r  t he  v a r i a t i o n  

of t h e  air-broadened ha l fwid th  wi th  temperature .  

The parameters  assumed f o r  3 

Each of the microwindows l i s t e d  i n  Table 111 con ta ins  between 2 and 19 

l i n e s  of C02.  Only one of t he  microwindows has been used t o  r e t r i e v e  t h e  tan- 

gent  po in t  temperature of each spectrum. 

spectrum is obtained from the  weighted average of t h e  p re s su res  r e t r i e v e d  from 

f i t t i n g  as many as s i x  microwindows. 

been ca l cu la t ed  as l / a  , where a is the  s t a t i s t i c a l  u n c e r t a i n t y  i n  the  

p r e s s u r e  from the  s p e c t r a l  f i t t i n g  r e s u l t s .  By averaging ,  t h e  u n c e r t a i n t y  i n  

t h e  tangent  p o i n t  p re s su re  r e t r i e v e d  from each spec t rum i s  reduced. 

The tangent  po in t  p re s su re  of each 

The weight W of each measurement has  

2 
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. 

As noted i n  Table 111, s e v e r a l  of t h e  microwindows c o n t a i n  minor contami- 

n a t i o n  by s o l a r  l i n e s  and by atmospheric l i n e s  from molecules o t h e r  t h a n  C 0 2 .  

To minimize t h e  e f f e c t  of t h e  atmospheric l i n e s  on t h e  r e t r i e v a l  r e s u l t s ,  

t h e i r  a b s o r p t i o n  has been inc luded  i n  t h e  c a l c u l a t i o n s  and a parameter has  

been added t o  s o l v e  f o r  t h e  tangent po in t  volume mixing r a t i o  of t h e  contami- 

nant gas. Lines of s o l a r  CO occur i n  many of t h e  microwindows s e l e c t e d  f o r  

p r e s s u r e  sens ing ;  a few atomic s o l a r  l i n e s  occur  i n  t h e  microwindows s e l e c t e d  

f o r  tempera ture  sens ing .  Because the c a n c e l l a t i o n  of t h e  s o l a r  l i n e s  is 

imper fec t ,  p a r t i c u l a r l y  a t  tangent  h e i g h t s  below 50 km, t h e  microwindows have 

been chosen t o  avoid  C 0 2  l i n e s  which have s t r o n g  s o l a r  f e a t u r e s  c l o s e  t o  t h e i r  

l i n e  c e n t e r s .  

The f i r s t  i t e r a t i o n  of the  s p e c t r a l  a n a l y s i s  begins by r e t r i e v i n g  t h e  

v e r t i c a l  p r e s s u r e  p r o f i l e ,  assuming t h e  1976 U.S. Standard Atmosphere temper- 

a t u r e s .  Because the  p r e s s u r e  l i n e s  are i n s e n s i t i v e  t o  tempera ture ,  a f a i r l y  

good f i r s t  e s t i m a t e  is obta ined .  Then, w i th  these  r e t r i e v e d  p r e s s u r e s ,  t h e  

t empera tu re - sens i t i ve  l i n e s  a r e  analyzed t o  o b t a i n  a f i r s t  e s t i m a t e  of t h e  

v e r t i c a l  temperature p r o f i l e .  A t  t h i s  p o i n t ,  t he  h y d r o s t a t i c  e q u i l i b r i u m  

c o n s t r a i n t  i s  app l i ed  t o  r e f i n e  the r e s u l t s .  

From a n a l y s i s  of N s p e c t r a ,  a t o t a l  of 2N atmospheric parameters are  

r e t r i e v e d :  N measurements of tangent po in t  tempera tures  and N measurements of 

t angen t  po in t  p re s su res .  However, t h e  s o l u t i o n  is overdetermined t o  d e f i n e  an  

atmosphere i n  h y d r o s t a t i c  equilibrium. For example, N-1 measurements of t h e  

tempera ture  g r a d i e n t  between success ive  s p e c t r a  and a p r e s s u r e  and tempera ture  

a t  a n  a r b i t r a r y  po in t  are s u f f i c i e n t .  

The re fo re ,  a program was w r i t t e n  t o  o b t a i n  a b e s t - f i t  h y d r o s t a t i c  atmo- 

s p h e r e  from t h e  r e t r i e v e d  tangent  po in t  p re s su res  and tempera tures .  As above, 

each  measurement was ass igned  a weight W g iven  by l / u  , where 0 is t h e  2 
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u n c e r t a i n t y  from the  s p e c t r a l  a n a l y s i s  ( t y p i c a l l y  5 t o  10 pe rcen t  f o r  t h e  

p r e s s u r e s  and 1 K f o r  t h e  tempera tures) .  

s u r e  and temperature a t  t h e  tangent  po in t  of t h e  h ighes t  a l t i t u d e  spectrum ( a  

cons t an t  temperature was assumed above t h i s  a l t i t u d e )  and t h e  temperature  

g r a d i e n t  (degrees  Kelv in  p e r  km) between the tangent  p o i n t s  of t h e  succes- 

s i v e l y  lower a l t i t u d e  s p e c t r a .  The a n a l y s i s  program inc ludes  t h e  v a r i a t i o n  of 

the a c c e l e r a t i o n  of g r a v i t y  w i t h  l a t i t u d e  and a l t i t u d e  i n  t h e  c a l c u l a t i o n s .  

The b e s t - f i t  h y d r o s t a t i c  atmosphere and a s s o c i a t e d  mass pa ths  are then  

The f i t t e d  parameters  were t h e  pres -  

used as s t a r t i n g  va lues  f o r  t he  second i t e r a t i o n .  Again, t h e  p re s su re  p r o f i l e  

is r e t r i e v e d  with t h e  temperature  p r o f i l e  f ixed .  These new p res su res  and 

a s s o c i a t e d  u n c e r t a i n t i e s  are used wi th  the  tempera tures  and a s s o c i a t e d  uncer- 

t a i n t i e s  from t h e  ea r l i e r  i t e r a t i o n  t o  r e f i n e  t h e  estimate of t h e  h y d r o s t a t i c  

atmosphere. This  procedure is then  repea ted  us ing  t h e  temperature  sens ing  

l i n e s ,  cons t r a in ing  t h e  p re s su res .  A t  t h i s  p o i n t ,  t h e  p r e s s u r e s  are found i n  

most ca ses  t o  d i f f e r  by (2 percent  and the  tempera ture  by <1 K from those  

r e t r i e v e d  a f t e r  t h e  f i r s t  i t e r a t i o n .  

The a n a l y s i s  is then  repeated f o r  a t h i r d  and f i n a l  i t e r a t i o n  us ing  both  

t h e  p r e s s u r e  and temperature  microwindows. The e n t i r e  r e t r i e v a l  is automated 

and runs i n  the background as a ba tch  job  on t h e  ATMOS computer sys t em.  A l l  

c a l c u l a t i o n s ,  except  t he  FFT ' s  (Fas t  F o u r i e r  Transforms) ,  are performed i n  

double  prec is ion .  A r r a y  processors  are used t o  c a l c u l a t e  t h e  forward and in-  

v e r s e  FFT ' s .  Speed is  enhanced by s t o r i n g  t h e  a b s o r p t i o n  c o e f f i c i e n t s  from 

a l l  l a y e r s  above the  tangent  layer. The Drayson [19761 Voigt p r o f i l e  algo- 

r i thm,  which is both f a s t  and a c c u r a t e  [Twit ty  e t  a l . ,  19801, i s  used i n  t h e  

l i n e  shape c a l c u l a t i o n s .  The CPU time is  4 t o  6 hours  p e r  o c c u l t a t i o n ,  but  

improvements i n  the  ATMOS computer s y s t e m  are expec ted  t o  reduce t h e  CPU time 

s i g n i  f i c a n t  ly . 

. 
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I V .  R e s u l t s  

Typica l  leas t - squares  f i t t i n g  r e s u l t s  a r e  i l l u s t r a t e d  i n  F igures  1 and 2. 

Figure  1 shows p l o t s  f o r  two pressure sens ing  microwindows; two temperature- 

s ens ing  microwindows are shown i n  Figure 2. For each spectrum ( a l l  from 

SS06), t h e  measured i n t e n s i t i e s  a r e  normalized t o  the  h ighes t  measured in t en -  

s i t y  i n  t h e  microwindow. The r e s idua l s  (observed minus c a l c u l a t e d )  a r e  g iven  

above each spectrum. I n  a l l  ca ses ,  t he  s t anda rd  d e v i a t i o n  of t he  r e s i d u a l s  i s  

c l o s e  t o  t h e  noise  l e v e l  of t he  da ta ,  i n d i c a t i n g  s a t i s f a c t o r y  modeling of t h e  

s p e c t r a l  da t a .  

F igu res  3 t o  7 presen t  a comparison of t h e  r e t r i e v e d  pressure- temperature  

p r o f i l e s  f o r  SS06, SSO9, SSll, SS13, and SR02 and the  NMC c o r r e l a t i v e  d a t a  f o r  

t h e  corresponding geometr ic  loca t ions .  The measured temperatures  are wi th in  

the  NMC e r r o r  bars  f o r  almost a l l  determinat ions f o r  t h e  f i v e  o c c u l t a t i o n s .  

However, i t  1s i n t e r e s t i n g  t o  note tha t  our  r e t r i e v e d  tempera tures  a r e  a l l  

warmer than  t h e  NMC values  near 1 mb, t h e  temperature  maximum, f o r  a l l  t h e  

s u n s e t  o c c u l t a t i o n s .  The temperatures r e t r i e v e d  f o r  SSO9 between -3 and 

-30 mb a r e  co lde r  than  the  NMC values.  The cause f o r  t hese  d i sc repanc ie s  is 

unclear .  The r e t r i e v e d  p r o f i l e s  f o r  t h e  sunse t  o c c u l t a t i o n s  are a l l  very 

similar.  The p r o f i l e  f o r  SR02 is much d i f f e r e n t ,  which is not s u r p r i s i n g  

cons ide r ing  t h e  l a r g e  d i f f e r e n c e  i n  t he  geographic  l o c a t i o n s  of t h e  tangent  

p o i n t s  of t he  s u n r i s e  and sunse t  spec t ra .  A l a r g e  d i f f e r e n c e  between the  NMC 

and Langley temperatures  occurs  near 0.4 mb i n  SR02, where t h e  p re sen t  r e s u l t s  

i n d i c a t e  a temperature  minimum. 

Table  I V  p re sen t s  a summary of the  comparisons between t h e  r e t r i e v e d  and 

NMC values .  The mean temperature  d i f f e rence  (NMC minus Langley) is 1.2 K w i th  

a s t anda rd  d e v i a t i o n  of 6.0 K. From t h i s  resu l t  we conclude t h e r e  is no s ig -  

n i f i c a n t  b i a s  between the  two s e t s  of temperatures .  The NMC u n c e r t a i n t i e s  
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i n c r e a s e  wi th  a l t i t u d e  and a r e  much l a r g e r  f o r  t he  Southern Hemisphere than  

f o r  t h e  Northern Hemisphere. 

V. Summary and Conclusions 

A method has been descr ibed  f o r  r e t r i e v i n g  pressure- temperature  p r o f i l e s  

from t h e  high r e s o l u t i o n  i n f r a r e d  s o l a r  abso rp t ion  s p e c t r a  recorded by t h e  

ATMOS instrument.  The method produces results which are ,  i n  most cases, i n  

agreement w i t h  c o r r e l a t i v e  measurements w i t h i n  t h e i r  es t imated  u n c e r t a i n t i e s .  

The r e t r i e v a l  method is automated, and wi th  the  exper ience  gained from 

analyz ing  t h e  Spacelab 3 d a t a ,  i t  should be p o s s i b l e  on f u t u r e  missions t o  

re t r ieve pressure- temperature  p r o f i l e s  f o r  a l l  of t he  f i l t e r  #3 o c c u l t a t i o n s  

w i t h i n  s e v e r a l  d a y s  of r ece iv ing  the  d a t a .  Fu r the r  work i s  needed, however, 

s i n c e  some of t he  assumptions noted above may produce sys t ema t i c  e r r o r s .  

Both the  e f f e c t  of non-LTE i n  C 0 2  and the  p r o f i l e  of C 0 2  i n  t h e  upper meso- 

sphere  and lower thermosphere are being s tud ied .  Also,  microwindows wi th  

well-determined l i n e  parameters need t o  be def ined  f o r  t h e  o t h e r  ATMOS f i l t e r  

reg ions  so tha t  pressure- temperature  p r o f i l e s  can be r e t r i e v e d  from occul ta -  

t i o n s  recorded with these  o t h e r  f i l t e rs .  
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Table I 

ATMOS Occultations Analyzed for Pressure and Temperature 

U.T. Spacecraft Tangent Point 
Date Altitude (km) Latitude Longitude Occultation 

' SR02 4130185 363.3 48.9's 294.4 'E 

SS06 4130185 360.2 30.5'N 291.4 

SS09 5/1/85 359.4 26.8'N 15.3 

SSll 5/1/85 359.3 26.2'N 329.3 

SS13 5/1/85 359.4 25.6'N 283.3 

Notes: The altitudes, latitudes, and longitudes are values at a tangent 

height of about 25 km. The geometric parameters changed slowly during 

the event. For example, the SS09 occultation values for spacecraft 

altitude, latitude, and longitude were 359.3 km, 26.5'N, and 15.1°E, 

respectively, at a tangent height of 14.7 km. 
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Table I1 

Assumed C02 Volume Mixing Ratio P r o f i l e  (VMR) 

A1 t i tude 
(km) 

130 
120 
115 
110 
20-105 
18 
16 

160 
160 
210 
290 
330 
332 
3 34 
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Table 111 

Pressure Sensing Microwindows - 

SPECTRAL INTERVAL 

1909.4-1912.6 cm-' 

1913.7-1917.4 

1932.2-1934.9 

1950 3-1954 .O 
2051.8-2053.7 

2056.4-2058.5 

2059.5-2063.0 

2076.0-2079.0 

2253.5-2257.6 

2259.3-2263.2 

2264.8-2268.6 

2270.1-2273.9 

2615.5-2617.5 

2619.9-2621.6 

ALTITUDE RANGE 

45 - 55 km 
45 - 55 
30 - 45 
25 - 30 
60 - 70 
60 - 70 
60 - 70 
55 - 65 
70 - 75 
70 - 75 
70 - 75 
70 - 75 
17 - 20 
20 - 30 

ISOTOPE 

626 

626 

626 

626 

626 

626 

626 

626 

636 

6 36 

6 36 

636 

6 28 

628 

BAND 

11102-00001 

11102-00001 

11102-00001 

11102-00001 

11101-00001 

11101-00001 

11101-00001 

11101-00001 

00011-00001 

00011-00001 

00011-00001 

00011-00001 

20002-00001 

20002-00001 

INTERFERENCE 

H20, Solar CO 

NO, Solar CO 

H20, Solar CO 
H20, Solar CO 
Solar CO 

Solar CO 

CO, Solar CO 
CO, Solar CO 

Solar CO 

Solar CO 

Solar CO 

Solar CO 

Temperature Sensing Mi crowindows 
_-_l__l_ 

-- E" ( ma x ) SPECTRAL INTERVAL 

2380.5-2384.4 cm" 70 - 75 km R50 - R58 1334 cm-' 

2384.0-2388.1 65 - 70 R58 - R68 1828 

2387.0-2389.5 55 - 65 R66 - R72 2047 

2389.0-2392.4 50 - 55 R72 - R82 26 50 

2390.3-2393.8 30 - 50 R76 - R88 3048 

2392.0-2393.8 17 - 30 R82 - R88 3048 

ALTITUDE RANGE ROTATIONAL LINES 
-I__ 

Notes: 1. All C02 lines in the temperatu pj rpkcrowindows are rotational 
transitions in the v3 band of C 02. 

2. Some solar absorption lines occur in the temperature microwindows. 

3. E"(max) is the lower state energy of the highest rotational 
transition within the microwindow. 

4. 626 = l2Cl6o2; 636 = 13C1602; 628 = 16012C180. 
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